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Abstract 

The gravitino problem gives a severe constraint on the thermal leptogenesis sce¬ 
nario. This problem leads us to consider some alternatives to it if we try to keep the 
gravitino mass around the weak scale 7713/2 ~ 100 GeV. We consider, in this paper, 
the non-thermal leptogenesis scenario in the framework of a minimal supersymmet¬ 
ric SO(IO) model. Even if we start with the same minimal SO(IO) model, we have 
different predictions for low-energy phenomenologies dependent on the types of see¬ 
saw mechanism. This is the case for leptogenesis: it is shown that the type-I see-saw 
model gives a consistent scenario for the non-thermal leptogenesis but not for type-II. 
The predicted inflaton mass needed to produce the observed baryon asymmetry of the 
universe is found to be M/ ~ 5 x 10^^ GeV for the reheating temperature Tr = 10® 
GeV. 
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1 Introduction 


The supersymmetric (SUSY) grand unified theory (GUT) provides an attractive implica¬ 
tion for the understandings of the low-energy physics. In fact, for instance, the anomaly 
cancellation between the several matter multiplets is automatic in the GUT, since the mat¬ 
ter multiplets are unified into a few multiplets, and the experimental data supports the fact 
of unification of three gauge couplings at the GUT scale, Mqut = 2 x 10^® GeV assuming 
the particle contents of the minimal supersymmetric standard model (MSSM) The 

right-handed neutrino appeared naturally in the SO(IO) GUT provides a natural expla¬ 
nation of the smallness of the neutrino masses through the see-saw mechanism j2], and 
also the baryon asymmetry of the universe may have its origin in the same dimension-five 
operator relevant to the neutrino masses through the leptogenesis scenario jlj that would 
provide a natural explanation for the observed value of the baryon asymmetry [3] 

4.9 X 10“^^ < Yb (= < 9.9 X 10“^^ (95 % G.L.) . (1) 

In a series of papers, we have discussed a minimal SO(IO) model jHl|7j and its applications 
to low-energy phenomenologies like neutrino oscillations, neutrinoless double beta decay, 
leptogenesis jH], lepton flavour violation P and proton decay ^U]- (As for the minimal 
SO(IO) models done by the other groups, refer [H].) In these applications, we achieved 
rather good coincidences with observations. The only exceptional case is leptogenesis where 
our theory gives over-production of baryon asymmetry in its naive form jHj. In order to 
relieve this pathology, we were forced to make the second pair of doublets play some roles 
unlike the conventional case where these doublets are decoupled at the electro-weak scale. 
However, the so called gravitino problem ^21 gives a severe constraint on the reheating 
temperature, though this problem has been a long history na and there are many studies 
on this subject na, the recent progress including the hadronic decay processes shed a new 
doubt on the high reheating temperature Tr ca. If we take it serious and adopt low 
Tr, the thermal leptogenesis becomes impossible. This may be good news for us since 
the minimal SO(IO) model in its naive form may survive in the new scenario. In the new 
scenario is not unique and we consider in this paper non-thermal leptogenesis, where the 
infiaton decays to the right-handed neutrinos and the successive B — L violating decays of 
the right-handed neutrinos produce the baryon asymmetry. 


2 Leptogenesis in a minimal SUSY SO(IO) model 

Let us first briefly review the conventional leptogenesis scenario |3]. In the following, our 
discussion is always based on the effective Lagrangian at energies lower than the right- 
handed neutrino masses such that 

/:eff = - y d^e I i Mr,N^N^ I + h.c. , (2) 
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where i,j = 1,2,3 denote the generation indices, Yi, is the Yukawa coupling, L and Hu 
are the lepton and the Higgs doublets chiral supermultiplets, respectively, and Mm is 
the lepton-number-violating mass term of the right-handed neutrino Yj (we are working 
on the basis of the right-handed neutrino mass eigenstates). The peculiar properties of 
minimal SO(IO) are that we can £x and Mm unambiguously from the low-energy 
phenomenologies of quarks and leptons 013 . 

The lepton asymmetry in the universe is generated by CP-violating out-of-equilibrium 
decay of the heavy neutrinos, N —>• iiH* and N —> IlHu- The leading contribution is 
given by the interference between the tree level and one-loop level decay amplitudes, and 
the CP-violating parameter is found to be uni 

' = ^ E A4i)} ■ ( 3 ) 

m{YuYi' )ii ,= 2,3 


Here f{x) and g{x) correspond to the vertex and the wave function corrections. 
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respectively, and both are reduced to ~ for a; S> 1. So in this approximation, e 

becomes 

" 5 : Im [(KK%] ^ . (5) 


e = 


167r(Y,Yj)n 


J=2,3 


Rj 


Using the Type-I see-saw mass of the neutrino, M^ = —Yj Mj^^Y^ {Hu)‘^, e is further written 

as [T7j 


3 Mm Im [(U.M;Yj)n] 

167r(/7j2 
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( 6 ) 


In the minimal SO(IO) model we have the definite form of Y^, and estimate these values 
unambiguously. We have assumed that the lightest Ni decay dominantly contributes to 
the resultant lepton asymmetry. In fact, this is conhrmed by numerical analysis in the case 
of hierarchical right-handed neutrino masses CHI. Using the above e, the generated Yb is 
described as 

YB^-d, (7) 

9* 

where ~ 100 is the effective degrees of freedom in the universe at T ~ Mbi, and d < 1 
is so-called the dilution factor. This factor parameterizes how the naively expected value 
Yb ^ e/g^ \s reduced by washing-out processes. 
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We can classify the washing-out processes into two cases with and without the external 
leg of the heavy right-handed neutrinos, respectively. The former includes the inverse-decay 
process and the lepton-number-violating scatterings mediated by the Higgs boson m such 
as N + + Ql, where ql and qr are quark doublet and singlet, respectively. The 

latter case is the one induced by the effective dimension hve interaction, 

= \ , ( 8 ) 

after integrating out the heavy right-handed neutrinos. This term is nothing but the one 
providing the see-saw mechanism The importance of this interaction was discussed 
in |2ni; where the interaction was shown to be necessary to avoid the false generation of 
the lepton asymmetry in thermal equilibrium. While numerical calculations CBi ua are 
necessary in order to evaluate the dilution factor precisely, Yr ~ e/g^, roughly gives a 
correct answer, and the washing-out process is mostly not so effective. Note that this is 
the consequence from the current neutrino oscillation data as explained in jH] . 

The lepton asymmetry parameter e has been evaluated by using the results of the 
minimal SO(IO) model [7], and results are listed in the following. 


tan f3 

e 

40 

7.39 X 10-^ 

45 

6.80 X lO-*^ 

50 

6.50 X lO-*^ 

55 

11.2 X lO-*^ 


Unfortunately, the CP-violating parameter e is too large to be consistent with the observed 
baryon asymmetry. In order to circumvent this trouble we made use of another pair of 
SU(2) doublets appearing in the minimal SO(IO) model. We solved the Boltzman equation 
and obtained the consistent Yr jS]- However in this case we need the extra Higgs other 
than those in the MSSM, which may raise the other problems. So it is deserved to consider 
an alternative solution to this overproduction. On the other hand the gravitino problem 
forces us low reheating temperature less than the mass of Mri. If we believe it, the 
above problem becomes fake since thermal Nr are not generated in the reheating era. 
So the minimal SO(IO) model itself drives us the other approaches such as non-thermal 
leptogenesis scenario [23 or the Affleck-Dine mechanism |22]- In the next section, we 
discuss on the non-thermal leptogenesis scenario in the minimal SO(IO) model. 

3 Non-thermal leptogenesis 

Now we turn to the discussions of the non-thermal leptogenesis scenario |23- In the non- 
thermal leptogenesis scenario, the right-handed neutrinos are produced through the direct 
non-thermal decay of the inflaton. 
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Here we give a concrete model to specify the inflaton. We add a singlet chiral super- 
multiplet which plays a role of inflaton I The interaction Lagrangian relevant for the 
inflaton and the right-handed neutrinos is given by 


^ ■ (9) 

When inflaton gets a VEV, it gives rise to the Majorana masses for the right-handed 
neutrinos in addition to the VEV of (10,1,3) in 126 under Sl7(4)ps x SU{2)l x SU{2)r 
pm However, the VEV (/) is posted around the GUT scale and A* is found to be 10 ® 
later, and this contribution gives a tiny correction to Mp. Also the first term in Eq. © 
dominates over the second, and is reduced to the chaotic inflationary model M 
In such a superpotential, the inflaton decay rate is given by 

r(/ ^ NiNi) ~ . (10) 

47r 

Then the consequently produced reheating temperature is obtained by 

If the inflaton dominantly couples to N, the branching ratio of this decay process is, of 
course, HR ~ 1. Then the produced baryon asymmetry of the universe can be calculated 
by using the following formula. 


Ub 
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-0.35 X 


nNi 
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X 



-0.35 X - BR(J — NiNi) 



X e . 


( 12 ) 


With the hierarchical mass spectra for the right-handed neutrinos, it can be approximated 
as 



-1.95 X 10“^° X HR X 


106 GeV J 



f rriu?, \ 
V0.065 eV) 




(13) 


where hefi = Im [(IGM*y)J’)ii] / denotes the effective value of the GP violat¬ 

ing phase parameter relevant for the leptogenesis and it can be estimated as 5efr = —0.166 
in our model. As it can easily be seen that it is possible to produce the baryon asymmetry 
of the universe by using the reheating temperature as low as, Tr < 10® GeV. Hence, a very 
wide range of the gravitino mass can be allowed, 777 . 3/2 > 10® MeV. The result of the detailed 
numerical calculation based on Eq. (|T^ is shown in Fig. ^ As shown in Fig. |l(a)| that the 

■^There is an alternative scenario in which we regard one of the scalar partners of the right-handed 
neutrinos as inflaton m But in this case, we obtained the reheating temperature Tp ~ 4 x 10^^ [GeV] 
that is too high for the weak scale gravitino. So it is driven by necessity to consider the other possibility 
like a model presented in this paper if we keep the gravitino mass at the weal scale. 
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predicted inflaton mass is heavier than the lightest right-handed nentrino {Mm = 1.6 x 10^^ 
GeV) in onr model [7j. Hence the non-thermal leptogenesis is well workable. Bnt in model 
123. yon can see from Fig. |l(b)] that the calcnlated inflaton mass is lighter than the lightest 
right-handed nentrino mass {Mm = 2.7 x 10^^ GeV), and the non-thermal leptogenesis 
scenario is prohibited by the kinematics. We hasten to add that this conclnsion is valid 
nnder the non-thermal leptogenesis nnder the gravity mediated SUSY breaking scenario. 

It can be read off from Fig. |1 (a)] that the observed valne of the baryon asymmetry leads 
to the inflaton mass aronnd Mj ~ 5 x 10^^ GeV. This corresponds to the conpling constant 
of the inflaton to the right-handed nentrinos as Aj ~ 10“®. Snch a small conpling indicates 
that the model can natnrally £t into the chaotic inflationary model m based on a minimal 
snpersymmetric SO(IO) model. 

4 Summary 

In confronting with the recent progress on the gravitino problem na, the nsnal thermal 
leptogenesis scenario enconnters some problems. In this paper, we have explored the non- 
thermal leptogenesis as an alternative scenario to the thermal one. We have estimated 
the baryon asymmetry of the nniverse based on a minimal snpersymmetric SO(IO) model 
with type-I see-saw mechanism. The resnlt of onr analysis shows that the non-thermal 
scenario well works within the minimal SO(IO) model, and we have fonnd the inflaton 
mass aronnd Mj ~ 5 x 10^^ GeV gives the observed valne of the baryon asymmetry of 
the nniverse. In this analysis, we have nsed the reheating temperatnre Tr = 10® GeV 
which was chosen so as to realize the weak scale gravitino mass 7713/2 ~ 100 GeV withont 
cansing the gravitino problem. Even if these valnes are relaxed by one order of magnitnde 
(^3/2 ^ 10 TeV, Tr = 10^ GeV), the resnlt is still valid. 

In this paper, we have assnmed that fnll thermalization occnrs soon after the inflation. 
Althongh there is a discnssion on this point the main motivation of this paper is to 
give a qnantitative estimation for the non-thermal leptogenesis scenario in the minimal 
SO(IO) model. Therefore, we leave the consideration abont thermalization processes for 
fntnre stndy. 
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(a) The lepton asymmetry parameter e has been taken from [7] 



(b) The lepton asymmetry parameter e has been taken from m 

Figure 1: The predicted baryon asymmetry of the universe Yb = ub/s as a function of 
the inflaton mass Mj [GeV] with the reheating temperature Tr = 10® GeV and BR = 1. 
In Fig. |l(a)[ the vertical blue line represents the kinematical cut for the inflaton to have 
enough energy to decay, E > 2Mri, he., the right hand side of this line is allowed from the 
kinematics. Two horizontal green lines represent the upper and the lower bounds on the 
observed value of the baryon asymmetry at 95 % G.L. 
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